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ABSTRACT OF THESIS 
 
 
WASTE HEAT RECOVERY OF INDUSTRIAL REGENERATIVE THERMAL 
OXIDIZER (RTO), A CASE STUDY 
 
Industrial processes that utilize and release hazardous compounds into the 
atmosphere are required to break down those compounds before exhausting them from 
their facilities.  An industry-recognized method to break down those hazardous 
compounds is through thermal oxidation.  Thermal oxidation is a process where the 
compounds are exposed to their auto-ignition temperature in an oxygen-rich environment 
and combust.  The output of thermal oxidation is carbon dioxide, water vapor, and heat.  
Thermal oxidizers are equipment that performs the thermal oxidation process.  The heat 
output from thermal oxidizers is wasted if directly exhausted into the atmosphere.  
Regenerative thermal oxidizers (RTOs) use the waste heat to pre-heat incoming 
hazardous air streams to reduce fuel usage. However, exhaust still contains significant 
heat and is wasted. 
This thesis explores how the waste heat from an RTO can be utilized and what 
existing technologies exist to utilize it.  A case study of a contract pharmaceutical 
manufacturing company using an RTO is reviewed to provide a real-world example.  
This case study Plant has an economizer installed to capture the waste heat from their 
RTO to pre-heat boiler water.  As a contract manufacturer, the waste heat from their RTO 
is cyclical with production, and the inconsistency presents difficulties with capturing the 
waste heat.  Based on data provided by the Plant, the effectiveness of waste heat 
utilization is evaluated, recommendations for improvement on the current system are 
discussed, and other technologies that could alternatively be used are proffered. 
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CHAPTER 1.  INTRO TO REGENERATIVE THERMAL OXIDIZERS  
1.1 Thermal Oxidation and Thermal Oxidizers 
Industries that have hazardous atmospheric compounds as by-products of their 
processes are required to reduce/eliminate the environmental impact of their waste 
streams (Khan & Ghoshal, 2000).  Thermal oxidation is a process through which 
hazardous atmospheric compounds are broken down into H2O and CO2 by exposure to a 
temperature exceeding their auto-ignition temperature in the presence of oxygen.  As the 
compounds experience temperatures at or above their auto-ignition temperature, they 
combust and release heat.  Some example industries that require thermal oxidation to 
reduce environmental impact include paint and coating; petroleum, oil, ethanol, and gas; 
food; printing; chemical; pharmaceutical; semiconductor; and automotive (TKS Industrial 
Company, 2021).  A thermal oxidizer is a type of equipment that uses thermal oxidation 
to break down volatile organic compounds (VOCs), hazardous air pollutants (HAPs), 
industrial odors, organic solvents, and greenhouse gases (Anguil Environmental Systems, 
n.d.).  To reach the auto-ignition temperature of the hazardous compounds, thermal 
oxidizers burn fuel in a combustion chamber.  Thermal oxidizers require a significant 
amount of fuel to maintain the auto-ignition temperature of the combustion chamber and 
are therefore costly to operate.  With proper design, thermal oxidizers can have 
destruction efficiencies up to 99.9999% (EPA, 2020).  In addition to the safe atmospheric 






Figure 1: Thermal Oxidizer (Venkatesh & Woodhull, 2003) 
 
1.2 Regenerative Thermal Oxidizers 
Regenerative thermal oxidizers (RTOs) operates more efficiently than a traditional 
thermal oxidizer.  In thermal oxidizers, a pollutant source is mixed with air and 
introduced into a burn chamber.  A fuel source, typically natural gas (methane), is burned 
with the pollutants to elevate the temperature and break down the pollutants.  
Alternatively, RTOs use the by-product heat from the thermal oxidization process to pre-
heat the incoming pollutant air stream.  There is enough heat transferred to the incoming 
air stream to minimize/eliminate external fuel needed to maintain combustion chamber 
temperature. By using multi-bed systems of ceramic material on either side of a 
combustion chamber to absorb and discharge heat from and into the pollutant air stream, 
RTO’s can recover at least 95% of the exhausted heat (Warahena & Chuah, 2007).  The 
temperature in the combustion chamber is elevated at startup through the burning of 
natural gas to the auto-ignition temperature, but as pollutants are introduced to it and 





between each of the beds, being the heat source and the heat sink, to maintain the 
combustion chamber and ceramic bed temperatures, limiting fuel use.  An RTO with 
sufficient pollutant input can operate without using natural gas to operate.  Some RTO 
systems are equipped with a hot gas bypass system to protect the ceramic material.  
Suppose the combustion chamber exceeds the safe operating temperature of the ceramic 
material.  In that case, the hot gas bypass system will open to exhaust directly to the 
atmosphere instead of going through the heat sink bed.  As with thermal oxidizers, the 
output of RTOs is an air stream of water, carbon dioxide, and heat.  By using ceramic 
material to capture some of the combustion chamber output heat, RTO’s have reduced 
temperature of their exhaust when compared to thermal oxidizers.  The exception to the 
reduced exhaust temperature between RTOs and thermal oxidizers is when the hot gas 
bypass system opens on the RTO. The RTO will exhaust the same amount of heat as a 
thermal oxidizer.  Even at lower temperature exhaust, an RTO’s exhaust still contains a 






Figure 2: Regenerative Thermal Oxidizer (U.S. EPA, 2017) 
 
1.3 Waste Heat Utilization 
The operation of oxidizers with high air flow at elevated temperatures presents an 
opportunity for facilities to use waste heat energy.  The energy can be calculated as 
enthalpy based on the air flow rate and temperature of the waste stream.  Depending on 
the size of the system and demand of the pollutant output of the industry, air flow can 
range from 100 cubic feet per minute (cfm) to hundreds of thousands of cfm (Anguil, 
n.d.).  The exhaust temperature will fluctuate based on the percent of pollutants 
introduced to the oxidizer.  The waste heat can be used in an operation/facility to 
supplement current heat usages.  Examples include process heating, plant comfort air 





waste heat can also be used as an independent source to improve facility operations 
through power supplementation or chilled water generation. 
1.4 Waste Heat Technologies 
Waste heat is often categorized by temperature to isolate available technologies/ 
systems that can withstand/ handle different levels of waste heat.  As defined by  Jouhara 
et al. 2018, the low-temperature waste heat range is <212°F, medium-temperature waste 
heat range is 212°F to 752°F, and high-temperature waste heat is >752°F.  Based on the 
operation of the RTO explored in this thesis, it was found that the exhaust falls in the low 
to medium temperature ranges for the waste heat.  This thesis will focus on the 
technologies that utilize the low and medium temperature ranges because the RTO 
explored in this study has exhaust temperatures within those values. 
 
1.4.1 Low-Temperature Waste Heat Technologies 
As described in the preceding section, low-temperature waste heat utilization 
technologies are those that can use heat with temperature values <212°F.  Waste heat 
recovery for this level is challenging due to the limited temperature difference available 
between source and use.  As the exhausted waste stream transfers heat, it cools and 
condenses water vapor and carbon dioxide into a corrosive liquid.  Therefore, the design 
of the heat transfer system must consider the source of waste heat.  Some low-
temperature waste heat technologies include economizers, recuperators, rotary 
regenerators, organic Rankine Cycle, absorption chillers, thermo photovoltaic (TPV) 





waste heat in varying ways, each with its benefits and limitations depending upon the 
waste heat source. 
 
1.4.1.1 Economizers 
Economizers are heat exchangers that transfer heat from the exhausted waste heat 
of a source like an RTO into a liquid.  The heat exchanger is placed in the exhaust duct of 
the RTO with liquid flowing through it to allow the hot exhaust gas to pass over the heat 
exchanger and transfer the heat to the fluid.  The heated fluid can be used in process 
heating or increasing feedwater temperature for a steam boiler, reducing the amount of 
fuel needed to otherwise heat the fluid.  This is a simple technology that can be 
implemented to reduce the operating costs of a facility and have a quick payback of the 
initial capital investment.  A limitation of this technology is that the amount of heat 
absorbed is restricted by the system using the waste heat.  The fluid that the heat is being 
transferred boils and turns to gas if its temperature rises too high.  For example, if using 
an economizer to pre-heat feedwater for a boiler, the water cannot be heated past the 
operating temperature of the boiler, or else it will flash to steam once it is delivered to the 
boiler.  Another limitation of the economizer technology is that if too much heat is 
removed from the waste heat source, there is a risk of condensation of the exhaust air 
stream, which could be acidic.  To protect from the acidic condensation, the economizer 











Recuperators are another type of heat exchanger that transfers heat from the waste 
heat source to a secondary air source. By raising the temperature of the secondary air 
source with waste heat, the amount of fuel required to perform that process is reduced.  
The heated secondary air could be used for any combustion system or direct process 
heating.  Recuperators can be set up as radiative or convective heat transfer systems.  As 
radiative systems, the system is set up as a sleeve wrapped around the exhaust stream.  
Cold air is brought into the sleeve as the hot gas passes through the exhaust.  Through 
radiative heat transfer, the hot exhaust transfers heat to the cold air around it.  Convective 
systems have the exhaust gas pass through small tubes, and cold air is drawn over the 
tubes to transfer the heat.  Combination systems also exist, combining the radiative and 





that they need to be incorporated near the point of use of the heated secondary air source.  
If the process heat or combustion air demand is at a far distance, the heat gained from the 
waste heat source could dissipate.  Recuperators typically provide pre-heated inlet air to 
the systems in which they’re installed. 
 
Figure 4: Radiative Recuperator Burner (Osaka Gas, 2017) 
 
 
1.4.1.3 Rotary Regenerators 
Rotary regenerators are an effective heat transfer system that utilizes exhausted 
waste heat to transfer heat to a secondary air stream.  As this technology transfers heat to 
another air stream like the recuperators, the heated air stream can be used for pre-heating 
combustion air or process heating.   The technology uses a porous wheel that absorbs and 
dissipates heat without the direct interaction of the two air streams.  The hot exhaust air 
passes through a portion of the wheel to heat the wheel.  The wheel rotates to expose the 
heated portion to the cold air stream, allowing the heat to transfer from the wheel to the 





inevitable.  Therefore rotary generators cannot be used where the purity of the cold air 
stream needs to be maintained.  Similar to the recuperator, rotary regenerators need to be 
installed close to the point of use. 
 
Figure 5: Typical rotary heat exchanger: 1 – drip tray, 2 – casing, 3 – rotor shaft, 4 – 
rotary heat exchanger, 5 – housing for heat recovery section, 6 – frame of aluminum 
profiles, 7 – metallic plate dividing the thermal wheel into two sections, 8 – drive belt, 9 
–  small electric motor, 10 – condensate drain (Jedlikowski, Kanas, & Anisimov, 2020) 
 
 
1.4.1.4 Organic Rankine Cycle 
The Organic Rankine Cycle is a thermodynamic cycle that uses waste heat to 
generate power.  It takes advantage of organic substances with a low boiling point and 
high vapor pressure to act as the working fluid instead of a standard fluid used in power 
plants like water/ steam (Gutierrez-Arriaga, et al., 2014).  Like a power plant, Organic 
Rankine Cycles heat the working fluid past its boiling point to create high-pressure vapor, 
pass it through a turbine to generate power, re-condense the liquid and recycle it through 
the system.  To heat the working liquid, a secondary fluid is passed through a heat 
exchanger in the exhaust waste heat source and back through another heat exchanger to 





working fluid can transfer the enthalpy in the form of work by turning a turbine 
connected to a generator.  Passing through the turbine, the working fluid experiences a 
reduction in pressure and will cool off.  The working fluid is condensed using a separate 
cooling system like a cooling tower or chiller to cycle back through the system.  Once in 
liquid form, the working fluid is pumped back to the evaporating heat exchanger to 
restart the cycle.  The Organic Rankine Cycle can be equipped with additional equipment 
to improve its efficiency, such as a pre-heater before the evaporator and a recuperator 
before the condenser.  The pre-heater is another heat-exchanger installed upstream of the 
evaporator.  It allows the secondary fluid to transfer more heat into the incoming working 
fluid by transferring heat from the secondary fluid that has left the evaporator before 
flowing back into the exhaust waste heat source heat exchanger.  The recuperator allows 
the working fluid to pre-cool itself before entering the condenser and pre-heat before 
entering the evaporator by running the hot turbine output indirectly through the condenser 
output.  This technology has the benefit of using waste heat to generate power.  The 
amount of power generated and the system efficiency depends on the working fluid 
selected.  The limitations associated with this waste heat technology are that it is 
complex, capital intensive to install, and requires multiple support systems and 






Figure 6: Organic Rankine Cycle (Exergy, 2021) 
 
 
1.4.1.5 Heat Pumps 
Heat pumps are systems that utilize the thermodynamic refrigeration cycle to 
transfer heat.  A refrigerant is pumped through a low-pressure evaporator to become a 
gas, then through a compressor to increase the pressure and temperature of the 
refrigerant.  It is sent to a condenser to transfer the heat to the point of use and condense 
the refrigerant, and finally, it is put through an expansion valve to drop the pressure of the 
fluid.  Waste heat, especially from a low-temperature source, can improve the operational 
efficiency and heat transfer capacity of a heat pump system.  This is because the waste 
heat source can be utilized in a heat exchanger during the evaporator process to raise the 
temperature of the refrigerant, reducing the amount of energy needed by the compressor 





transfer from the condenser to the point of use.  A heat pump has the capability of 
improving the usable heat output from the waste heat source.  The waste heat does not 
eliminate any of the required parts of a heat pump.  It just supplements the operation.  
The system design requires analysis of the source to set up the heat pump system, with 
the heat source being the waste heat.  It can become very complex if there is variability in 
the waste stream temperature.   
 
Figure 7: Waste-Heat Heat Pump Schematic (McMullan, 2003) 
 
 
1.4.1.6 Absorption Chiller 
An absorption chiller is a cooling system that utilizes heat instead of compression 





create cooling water used for process or space cooling (Goyal A. , Staedter, Hoysall, 
Ponkala, & Garimella, 2017).  Using waste heat instead of a compressor can aid during a 
facility’s peak electrical demand period.  Absorption chillers comprise multiple 
components: a condenser, cooling tower, absorber, evaporator, generator, heat source, 
and chilled water.  An absorption chiller has four main fluid streams: a heat source, 
chilled water, cooling tower water, and refrigerant-absorbent solution.  The refrigerant-
absorbent fluid starts in the absorber as a mixture where it is pumped to the generator.  
The pump acts as a motive force and increases the pressure of the fluid.  The refrigerant-
absorbent fluid is exposed to a heat source to evaporate the refrigerant and leave behind 
the absorbent fluid in the generator.  As the heat need for the generator is non-specific, 
waste heat could be utilized here to boil the refrigerant.  The heated absorbent is then 
drained out of the generator to a sprayer within the absorber to be cooled by the cooling 
tower water.  The refrigerant vapor from the generator passes to the condenser, where it 
is cooled by cooling tower water to condense and be collected.  From the condenser, the 
refrigerant is drained into the evaporator to evaporate and spray across the chilled water 
loop, where the cooling water will transfer heat into the refrigerant.  The refrigerant can 
evaporate in the evaporator as it is maintained at low pressure.  The evaporator and 
absorber are connected to one another where vapor refrigerant is present in the 
evaporator, and condensed absorbent is present in the absorber.  The absorbent and 
refrigerant are attracted to one another when the refrigerant is in vapor form, causing the 
refrigerant to vacate the evaporator to mix with the absorbent in the absorber to become 
the refrigerant-absorbent fluid again.  This leaving of the evaporator due to the attraction 





refrigerant and absorbent are mixed, the cycle is repeated.  Absorption chillers have a 
high capital cost and have multiple components required for operation and therefore are 
limited in their implementation (Goyal A. , Staedter, Hoysall, Ponkala, & Garimella, 
2016). 
 
Figure 8: Absorption Chiller Schematic (Lin, 2019) 
 
 
1.4.1.7 Thermo Photo Voltaic Generators 
Thermo photovoltaic generators utilize waste heat to generate electricity.  These 
generators use waste heat to produce electromagnetic radiation to power photovoltaic 
(PV) cells and produce electricity.  This is accomplished by exposing a material known 





electromagnetic radiation.  To convert to power, the radiation needs to be converted to 
wavelengths acceptable to the PV cells.  The conversion is accomplished using a spectral 
filter that filters any wavelengths that won’t be used by the PV cells.  Thermo PV 
generators are capable of direct conversion of waste heat to electricity but have 
limitations/ drawbacks.  The technology requires specific design inputs for the emitter to 
work with the waste heat temperature source and is expensive to install.  Additionally, 
this system’s efficiency will decrease as the temperature rises past the design temperature 
point. 
 
Figure 9: General Structure of a Thermophotovoltaic System (Utlu, 2020) 
 
 
1.4.2 Medium Temperature Waste Heat Technologies 
Medium temperature waste heat utilization technologies are those that can use heat 
with temperature values 212°F – 752°F.  Different technologies become available for use 
with higher temperatures, including waste heat boilers, regenerators, run-around coils, 
plate heat exchangers, heat pipe systems, and thermoelectric generators.  In addition to 





temperature technologies are also compatible with medium temperature heat: 
economizers, recuperators, rotary regenerators, Thermo PV generators, absorption chiller, 
organic Rankine cycle, and heat pumps. 
 
1.4.2.1 Waste Heat Boilers 
Waste heat boilers utilize waste heat to produce steam.  The steam can be used for 
process heating or directly in processes.  The system is comprised of tubes that run within 
the exhaust waste heat stream, running in parallel to the exhaust stream, to transfer the 
heat from the exhaust to boiler water.  Suppose the temperature of the waste heat is 
sufficiently high enough to raise the boiler water to the saturation pressure of the steam at 
the desired operating pressure.  In that case, the system’s output is steam.  If there is not 
sufficient heat to produce the steam, an additional burner can be installed to raise the 
temperature of the water at the outlet of the system.  Waste heat boilers effectively 
transfer heat from exhaust air streams into fluids to make steam but can be significant 










Regenerators are a heat transfer technology for air-to-air heat transfer.  RTO’s use 
this technology to maintain combustion chamber temperature without external heat input.  
As a waste heat capturing method, the exhaust stream runs through a chamber made of a 
high heat capacity material that absorbs the heat, then a cool air stream will be routed 
through the chamber to have the heat transferred to it from the chamber.  The system is 
set up with two or more chambers to separate the hot exhaust from the cool air, swapping 
which goes through each chamber to ensure maximum heat transfer occurs.  The heated 





limitations of this system are that it requires a significant amount of space and requires a 
substantial capital investment. 
 
Figure 11: Fixed bed regenerator flow path 1, flow path 2 all valve positions change 
redirecting which bed each gas goes through (Willmott, 2011) 
 
1.4.2.3 Run Around Coils 
Run-around coils are another form of transferring heat from one source of air to 
another through liquid using a pair of heat exchangers and a pump.  A heat exchanger is 
placed within the exhausted waste heat source to transfer heat from the exhaust air to 
fluid like the economizer technology.  The fluid is then pumped to another heat 
exchanger placed in the inlet of an air stream to be heated.  Run-around coils are used in 
scenarios where the point of use is far from the source and/ or cross-contamination is an 





air to a cool air source due to heat transfer to and from a liquid and the need to have a 
pump to move the liquid between heat exchangers. 
 
Figure 12: Run Around Coil System (Taylor, 2018) 
 
 
1.4.2.4 Plate Heat Exchangers 
Plate heat exchangers are systems that transfer heat between two fluids without 
cross-contamination. For example, to implement waste heat recovery, an economizer or 
similar heat exchanger would be required to transfer the heat from the exhaust air stream 
to a primary fluid before using the plate heat exchanger to a secondary fluid.  Plate heat 
exchangers comprise multiple grooved plates pressed together—the grooves of each plate 
direct fluid flow between them.  The system is set up such that the two fluids are directed 
on different faces of each plate, preventing them from cross-contaminating each other.  
Depending upon the application, plate heat exchangers can be upsized or downsized with 





transfer, making them highly effective.  Gasketed plates are useful for applications where 
the temperature can vary, as they allow flexibility to absorb that fluctuation but are 
limited to their max allowable temperature.  Brazed plates are fixed, can’t be modified 
after installation, and cannot withstand large temperature swings but can withstand higher 
temperatures and pressures than gasketed plates.  Welded plates are similar to brazed 
plates in that they are fixed but can withstand higher temperatures and pressures and are 
more costly.  Welded plates are also able to handle large temperature swings due to the 
welded seam between the plates.  Although very efficient in fluid-to-fluid heat exchange, 
plate heat exchangers aren’t efficient in air-to-fluid heat exchange as they require another 
technology to convert the heat from the air to fluid. 
 
Figure 13: Plate Heat Exchanger Schematic (IPIECA, 2014) 
 
 
1.4.2.5 Heat Pipe Systems 
Heat pipe systems are a heat exchanger that utilizes phase changes to transfer heat 





contains a liquid.  One end of the pipe is placed in the heat source, the waste heat stream, 
and as the pipe heats, the liquid will vaporize and move to the other end of the pipe to 
transfer the heat to a heat sink.  The heat transfer from the vapor will cause it to condense 
and move back toward the heat source via a wicking feature, repeating the process.  The 
heat pipe can be designed differently for vertical or horizontal orientation and/or single or 
multi-pass.  The orientation depends on which wicking technology is utilized, including a 
screen, grooves, or sintered material.  Screens allow wicking by creating a mesh around 
the exterior of the heat pipe, allowing the heat pipe to operate in a horizontal, vertical 
orientation (gravity assisted) and at a slight vertical (against gravity).  Groove wicking 
technology is ridging of the interior of the pipe to provide small fins for the liquid to 
transfer.  Grooved wicking allows for horizontal and vertical (gravity assisted) heat pipe 
operation.  Sintered material wicking consists of porous metal on the interior wall of the 
heat pipe.  It can allow the system to operate horizontally and vertically, both gravity-
assisted and against gravity.  Single-pass heat pipes only have one location for 
evaporation and one location for condensation. At the same time, multi-pass systems 
route the heat pipe back and forth between the heat source for evaporation and the heat 
sink for condensation.  Multi-pass heat pipe systems are called pulsating heat pipes and 
don’t require wicking technology because the vapor pushes the liquid through the pipe.  
The application of the heat pipe will drive the selection of the material of construction, 
liquid used for heat transfer, and overall system design.  Heat pipes are efficient methods 
of transferring heat over long distances as the heat loss over the distance can be minimal, 
and the primary heat transfer is due to the latent heat vs. sensible.  Another benefit of the 





operation simple and maintenance requirements minimal.  Pairing the heat pipe 
technology with the appropriate application and heat source can limit the system’s 
design. 
 
Figure 14: Heat Pipe Schematic (Advanced Cooling Technologies, 2016) 
 
 
1.4.2.6 Thermoelectric Generation 
Thermoelectric generation is the direct conversion of heat into electrical power.  
This form of waste heat utilization requires no moving parts, just a heat source.  
Thermoelectric power generation works on the principle of the Seeback effect.  When a 





temperature and aren’t connected on their other end that is exposed to a lower 
temperature, the temperature gradient forces the flow of electrons and photons to move 
from the high temperature to the low temperature.  This flow of electrons and photons 
creates a voltage drop across the two ends of the semiconductors.  When connected 
through a resistive load, the current will flow and generate electricity (Dughaish, 2002).  
The system’s capability to generate electricity directly correlates to the temperature delta 
between the high and low temperatures to which the semiconductors are exposed.  
Thermoelectric generation is not a widely used technology due to its low efficiency of 
~2-5%. In addition, the efficiency is affected by the materials used and the heat available. 
 






1.5 Complications with Industry RTO Waste Heat 
Industries that utilize RTO’s for the destruction of their hazardous by-products 
have variable loading based on production.  If there are multiple inputs to the RTO, each 
with its own production schedules, that variability can exponentiate.  The waste heat 
generated by the RTO is not as susceptible to seasonal changes. The variability in 
production input makes the design and implementation of waste heat capture systems 
complicated.  Waste heat conversion systems typically require stable heat sources for 
implementation (Xu, Wang, & Yang, 2019). 
Additionally, the demand for waste heat needs to pair well with the source.  Xu et 
al. present ways to address both of these complications by proposing centralization of 
heat conversion to more closely match the source to the demand and thermal storage to 
address the variability of heat source.  Their research focuses on low temperature waste 
heat from distributed sources.  RTO’s act as the centralized conversion system but can 
produce more significant variations of waste heat between low and medium temperature 
levels dependent upon hazardous compound input.   
1.6 Research Objective 
This thesis explores the different waste heat utilization opportunities associated 
with the exhaust energy that is innate to the operation of an oxidation system of a 
specific case study.  The case study represents RTO waste heat that varies between low 
and medium temperatures as defined in the prior section and fluctuates based on the 
hazardous compound loading.  The case study includes an installed economizer for heat 
transfer to boiler feedwater.  Using data from a central Kentucky contract manufacturing 





waste heat from the RTO installed on-site and discussed the feasibility of implementing 
different waste heat recovery systems described above. 
1.7 Contribution of this Thesis 
Waste heat and utilization of waste heat are well defined and have many 
applications in industry.  Typically, the design of the system capturing the energy is 
expecting the source to be steady-state, which is not always the case in real-world 
applications.  Manufacturing industries’ operations fluctuate with the demand of the 
market and customers.  Those fluctuations dictate the available waste heat from the 
production process but do not always coincide with the demand for the captured waste 
heat application, which may also fluctuate.  This thesis explores a case study of a 
manufacturing plant that experiences variable loading of their RTO (and its waste heat) 
based on production and variable demand of the captured waste heat.  This erraticism of 
waste heat can lead to complications in the design of a waste heat transfer system.  The 
case study system was set up to accommodate the variable availability and demand of the 
waste heat from the Plant RTO.  This thesis evaluates if the case study system applies to 







CHAPTER 2. CASE STUDY 
2.1 Overview  
This case study will utilize the data ascertained from a central Kentucky 
pharmaceutical manufacturing plant’s (the Plant) RTO and connected economizer pre-
heating system to review their waste heat utilization from their RTO.  The Plant runs 
multiple production lines that utilize solvents in its process streams.  All the solvent-
based processes have exhaust lines connected to the RTO. The RTO is required for the 
Plant to operate per their EPA permit and has been verified to be 99% effective at 
destroying VOCs.  The RTO is set up to run at maximum exhaust flow input of 50,000 
cfm, a maximum combustion chamber temperature of 1700°F, a maximum mixed bed 
temperature of 1500°F, and a maximum lower explosion limit (LEL) of the input air 
18%.  The RTO maintains the minimum temperature to enable thermal oxidation by 
using the input of the solvent-laden exhaust streams of the Plant or direct natural gas 
injection as fuel.  The output of the RTO is CO2, H2O, and heat.  The Plant connected an 
economizer pre-heating system for the boiler feedwater to the RTO exhaust to utilize the 
waste heat.  The economizer uses a heat exchanger to transfer heat from the RTO exhaust 











































Figure 16: Case Study Regenerative Thermal Oxidizer with Pre-Heating System 
 
 
2.1.1 RTO Air Stream 
As seen in Figure 16, the process air stream is depicted by the red lines.  The Plant 
connected process air goes through the RTO for thermal oxidation and is exhausted from 
the equipment.  In the exhaust stream of the RTO, there is a split, where a portion of the 
flow goes through the pre-heating system, and the rest goes out a stack to the atmosphere.  
The exhaust that goes through the pre-heating system is controlled by a secondary 
exhaust fan that pulls the air through the secondary exhaust stream.  The air transfers its 






2.1.2 Boiler Feedwater Stream 
The blue lines in Figure 16 depict the boiler feedwater.  The steam utility of the 
Plant is a closed-loop system that captures condensate to be reused in the system.   
Condensate that is captured is returned to the deaerator tank at ~212 °F and pumped to 
the boiler as boiler feedwater.  Before going to the boiler, the feedwater is pumped 
through the pre-heating system.  The feedwater then goes into the boiler as needed to 
maintain safe water levels in the boiler as steam is produced.  The boiler burns natural 
gas to raise the temperature of the water further to produce steam at the Plant steam 
system pressure.  The pre-heating system utilizes a portion of the heat from the RTO 
exhaust to pre-heat the boiler feed water to reduce the energy needed to fuel the boiler.  If 
the pre-heating system isn’t running, the boiler feedwater bypasses the pre-heating 
system. 
 
2.1.3 Pre-Heating System Setup 
The blue dotted line of Figure 16 depicts the boundary line of the pre-heating 
system.  It is comprised of a heat exchanger and a buffer tank.  The heat exchanger 
transfers heat from the RTO exhaust air stream to the boiler feedwater indirectly with an 
air to water heat exchanger.  The buffer tank is set up as a thermal cline tank, bringing 
cool boiler feed water into the bottom and having the pre-heated water leaving from the 
top.  Additionally, boiler feedwater is pumped from the bottom of the buffer tank through 
the heat exchanger and back to the top. As a result, the boiler does not have a constant 





buffer tank allows circulation of the water to prevent flashing of the feedwater if left 
stagnant. 
 
2.1.4 Pre-Heating System Operation 
The pre-heating system set up by the Plant operates automatically to safely pre-heat 
the boiler feedwater.  Due to the operation of the RTO, when there is not enough solvent 
going through the RTO, there is not enough heat being exhausted to pre-heat the boiler 
feedwater.  When enough solvent is sent to the RTO, the equipment will exceed internal 
operational temperatures and open the hot gas bypass (HGB) valve.  The RTO exhaust 
temperature rises significantly when the HGB valve is opened.  Therefore, the Plant set 
up the pre-heating system to operate based on the HGB valve opening position.  As the 
HGB valve opens, the boiler feedwater pump circulates the water through the heat 
exchanger.  The exhaust fan that pulls partial RTO exhaust through the heat exchanger 
ramp up proportionally to the HGB valve position.  Once the boiler feedwater 
temperature from the heat exchanger is 5°F greater than the boiler feedwater supplying 
the pre-heating system, the boiler feedwater is sent through the pre-heating system 
instead of bypassing it.  Once the boiler feedwater temperature from the heat exchanger is 
equal to the boiler feedwater supplying the pre-heating system, the bypass valve will 
open and bypass the pre-heating system. 
 This thesis investigates the effectiveness of the Plant’s use of the available waste 
heat from the RTO.  Therefore, the pre-heating system will be simplified to the system 
boundary shown in Figure 17.  Below is a figure showing the simplified block diagram of 
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Figure 17: System Layout of the Plant RTO and Pre-Heating System 
 
 
2.1.5 Case Study Available Data 
The Plant has different instruments connected to a data historizing software 
(Historian, Wonderware).  This case study uses the data available from March 1st, 2021, 
through March 31st, 2021, captured in one-minute intervals to look at a month’s worth of 
data as a typical month of operation for the Plant.  Different processes run varying 
solvents, and VOC laden waste steams to the RTO, each process running between 8 to 24 
hours.  By portraying the data from the case study in the represented frequency and 
duration, it captures the variability of the Plant operation.  Figure 17 shows the data 





Table 1.  Additionally, the natural gas flows into the boiler to is measured in feet cubed 
per hour. 
Table 1: Available Data Points of Case Study RTO and Pre-Heating System 
Data Point Description Measured Units 
1 Process air flow Cubic feet per min (cfm) 
2 RTO exhaust – full stream temperature Degrees Fahrenheit (°F) 
3 
RTO exhaust – partial stream to atmosphere 
temperature 
Degrees Fahrenheit (°F) 
4 
RTO exhaust – partial stream into pre-heating 
system temperature 
Degrees Fahrenheit (°F) 
5 
RTO exhaust – partial stream out of pre-heating 
system temperature 
Degrees Fahrenheit (°F) 
6 Feedwater pre-heating input temperature Degrees Fahrenheit (°F) 
7 
Feedwater pre-heating output temperature/ boiler 
input temperature 
Degrees Fahrenheit (°F) 
8 
Steam production rate by the boiler Pounds per hour of 
steam 
9 Ambient Temperature Degrees Fahrenheit (°F) 
 
 
2.2 Mathematical Formulations and Data 
The data available from the Plant can be analyzed to determine how much waste 
heat from the RTO is being utilized for the boiler water pre-heating system.  The total 
available waste heat from the RTO and the heat input to the boiler feed water can be 
calculated using the enthalpy (heat) equation assuming constant pressure.   






 ?̇? = enthalpy, kilowatts [kW] 
 ?̇? = mass flow rate, kilograms per second [kg/s] 
cp = specific heat coefficient at a specific temperature, kilojoules per kilogram-
kelvin, [kJ/(kg K)] 
 ∆𝑇 = temperature difference between two points, Kelvin [K] 
 
2.2.1 RTO Waste Heat Calculation 
First, the available waste heat from the RTO was calculated by calculating the 
different variables of the enthalpy equation for the RTO exhaust.  To calculate the mass 
flow rate of the RTO exhaust with the available data, it was assumed the exhaust flow 
rate of the RTO was equivalent to the flow rate of process air into the RTO, and the 
exhaust is dry air.  The process air flow is measured in units of volumetric flow (?̇?, cfm), 
which needed to be converted to standard units (m3/s).  
?̇? ⁄ = ?̇? ×
.  
 
   [2] 
The volumetric flow rate is multiplied by the density to get the mass flow rate.    
?̇? =  𝜌 × ?̇? ⁄     [3] 
Where,  
ρair = density of air, kilograms per cubic meter [kg/m3] 
The density of air is temperature and pressure-dependent; therefore, it is calculated 
using the ideal gas law. 
𝜌 =  
×






p = absolute pressure, Pascals [Pa] 
Rspecific = the specific gas constant for dry air, Joules per kilogram-Kelvin [J/(kgK)] 
T = the exhaust temperature, Kelvin [K]   
Due to the molecular composition of the exhaust air stream being unknown, the 
Rspecific value used was 287.058 J/(kgK).  The absolute pressure of the RTO exhaust was 
assumed to be atmospheric (101,325 Pa) as that would be the pressure when leaving the 
system. 
The cp of air is temperature-dependent.  A table (Engineering Toolbox, 2004) was 
used to get the average cp between the exhaust temperature of the RTO and ambient 
temperature.  It was noted that the difference between cp values was negligible.  
Therefore, interpolation for exact cp values was not used.   
The temperature data from the Plant was converted to degrees Kelvin from degrees 
Fahrenheit for the calculation.  To calculate the ∆T, the difference between the RTO 
exhaust temperature and the ambient air temperature was used. 
 
2.2.2 RTO Waste Heat Graphical Representation 
Figure 18 below is a graphical representation of the waste heat available from the 






Figure 18: Calculated Available Waste Heat from RTO Exhaust March 1st - 31st, 2021 
 
 
Figure 18 of the available waste heat from the RTO exhaust is a graphical 
representation of the Plant’s RTO exhaust calculated enthalpy of the RTO exhaust for the 
month of March 2021.  The y-axis of the graph shows the calculated enthalpy in 
kilowatts.  The x-axis of the graph displays the time span of the data with grid lines 
indicating 5-day intervals.  The Plant RTO exhaust enthalpy is directly related to the 
processes being run simultaneously; when no production is running, and no solvents are 
being sent to RTO, the exhaust enthalpy is lower, conversely when solvents are sent to 
the RTO, available exhaust enthalpy rises.  As can be noticed from Figure 18, the Plant 






















solvents are sent to RTO, the equipment is kept at the minimum temperature to provide 
thermal oxidation when used in production.  This readiness state is when the enthalpy 
from the exhaust is at its lowest and is between 150kW and 400kW.  When solvents are 
sent to the RTO, the exhaust enthalpy available is above 1000kW and as high as 
2230kW.  Points on the graph showing zero are where data is not available, resulting in 
calculations of zero values. 
 
2.2.3 Boiler Feedwater Pre-Heating Enthalpy Calculation 
The enthalpy input to the boiler feed water system was calculated with an 
assumption of constant pressure across the pre-heating system.  Since neither volumetric 
nor mass flow is measured in the water stream, conservation of mass was utilized to 
determine the boiler feed water flow rate.   From the system layout (Figure 17), the boiler 
water mass (6) flowing into the boiler should be equal to the mass of steam leaving the 
boiler (8).  This is a conservative assumption as water can leak out boiler exhaust or be 
discharged down the drain during blowdown operations.  The steam flow (8) is measured 
in pounds per hour; this was converted to kilograms per second and was used for the 
boiler feed water mass flow rate, ?̇?. 
The cp of the boiler feed water is temperature-dependent.  A table (Engineering 
Toolbox, 2004) was used to get the nearest cp of the temperature of the boiler feed water 
output of the pre-heating system.  Exact cp values weren’t used due to negligible 
difference between cp values of the boiler feedwater, only 0.1 kJ/(kg K).  The feedwater 
was found to enter the system at a consistent temperature of ~212°F, and the exit 





determine the cp value.  The temperature data from the Plant was converted to degrees 
Kelvin from degrees Fahrenheit for the calculation.  To calculate the ∆T, the difference 
between the output and input of the pre-heating system of the boiler feedwater was used.  
Figure 19 below is a graphical representation of the heat input to the boiler feedwater by 
the pre-heating system over time for the month of March. 
 
Figure 19: Calculated Heat Input into Boiler Feedwater by Pre-Heating System March 
1st-31st, 2021 
 
Figure 19 of the heat input into the boiler feedwater by the pre-heating system is a 
graphical representation of the Plant’s pre-heating system calculated enthalpy input into 
the boiler feedwater for the month of March 2021.  The y-axis of the graph shows the 
calculated enthalpy in kilowatts.  The x-axis of the graph displays the time span of the 

























section, the pre-heating system is not active 100% of the time.  When the pre-heating 
system is not on, feedwater bypasses the pre-heating system and goes straight to the 
boiler.  The points on the graph with negative values represent times when the pre-
heating system is not being utilized. The boiler feedwater’s temperature measured after 
the pre-heating system is lower than before the pre-heating system because it is not being 
used.  Points on the graph showing zero were where data was not available for 
calculation.  When the pre-heating system is active, the heat transferred to the boiler feed 
water varies between 20kW and 294kW. 
 
2.2.4 Effectiveness of Waste Heat Utilization 
To evaluate the effectiveness of the waste heat utilization of the RTO for this case 
study, the heat input was compared to the total available heat from the RTO as a 







Figure 20: Calculated Percentage of Heat Utilized by Pre-Heating System March 1st-
31st, 2021 
 
Figure 20 shows a comparison of the amount of heat input into the boiler feed 
water to the available heat from the RTO exhaust as a percentage of that available heat.  
The y-axis is the percentage of enthalpy of the RTO exhaust used by the boiler feedwater, 
and the x-axis is when the data was pulled from March 1st through March 31st.  The peaks 
of the graph showing values >40% are outliers and are due to the system setup.  As 
processes inputting solvents into the RTO complete and the RTO internal temperature 
decreases, the HGB valve closes, and the pre-heating system shuts down.  However, the 
boiler feedwater is still sent through the buffer tank.  During this period, the RTO 
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the buffer tank’s available heat diminishes, giving a false amount of heat utilization 
percentage.  Excluding those outliers, it was found that while in operation, the pre-
heating system utilizes between 10-25% of the available waste heat from the RTO. 
2.3 Three-Day View of Operation 
The Plant RTO exhaust enthalpy and boiler feedwater heat input depend on plant 
operations and cycle with the plant processes.  This is evident when looking at the data 
across a shorter timeframe. For example, figures 21, 22, and 23 show the RTO waste heat 
available, boiler feedwater heat input, and percent of heat utilization, respectively, for 







Figure 21: Calculated Available Waste Heat from RTO Exhaust March 8th-11th, 2021 
 
Figure 21 is a three-day capture of the available waste heat from the RTO. As can 
be noted from the figure, the RTO available waste cycles between a high level and low 
level.  The high levels represent times when there were Plant processes using a solvent 
sent to the RTO.  At the same time, the low values are periods when the RTO was being 
maintained at the thermal oxidation temperature without solvent input.  For example, on 
March 8th, the high level was approximately 1400kW and then down to 1000kW, which 
most of the other days in the figure had highs of around 1000kW.  The low levels for 
each day were about 250kW.  The variation in the high levels is due to the variation of 


























available waste heat from the RTO.  Higher solvent levels are attributed to the number of 
processes running solvent and the amount of solvent those different processes use. 
 
Figure 22: Calculated Heat Input into Boiler Feedwater by Pre-Heating System March 
8th-11th, 2021 
 
Figure 22 shows the same three days as Figure 21 for the heat input of the boiler 
feedwater from the pre-heating system.  The y-axis represents the heat input into the 
boiler feedwater from the pre-heating system in kW and is displayed over time shown on 
the x-axis.  The zero and negative values indicate times when the pre-heating system is 
not active.  The negative values are due to the feed water losing heat as it bypasses the 
pre-heating system.  Positive values indicate times when the system is active.  The pre-
heating system heats the boiler feedwater to a maximum allowable temperature of 313°F 



















Heat Input into Boiler Feedwater from Pre-Heating System Over Time 





temperature to the pre-heating system is typically 212°F, which results in a maximum 
allowable heat input for the pre-heat system is 338kW.  The figure shows that when the 
pre-heating system is running, the enthalpy input to the boiler feedwater is between 
approximately 175kW and 225kW. 
 
 
Figure 23: Calculated Percentage of Heat Utilized by Pre-Heating System March 8th-
11th, 2021 
 
The percent of the available waste heat from the RTO input into the boiler 
feedwater is shown in Figure 23, over the same three days as Figures 21 and 22.  The y-
axis shows the percentage of enthalpy available from the RTO exhaust used by the boiler 
feedwater pre-heating system, and the x-axis displays the time from March 8th, 2021, 
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system is running.  While operating, approximately 20-25% of the available waste heat 
from the RTO is utilized by the boiler feedwater pre-heating system.  As indicated in the 
entire month of data, the peaks at the end of each cycle are due to the pre-heating system 
being turned off and the boiler feedwater being fed through the buffer tank.   This is 
shown in Figure 24 below. 
 
 
Figure 24: Calculated Single Cycle Comparison of RTO Available Waste Heat to Pre-
Heating System Input 
 
Figure 24 shows a single cycle of the operation of the pre-heating system.  The 
RTO available waste heat line correlates to when solvent-based production is running at 
the Plant.  This example shows a solvent-based process batch that was run on 3-10-21 























Regenerative Thermal Oxidizer Waste Heat and Boiler Feedwater Pre-
Heating System Input For One Process Cycle





sent to the RTO, the available waste heat was approximately 1000kW.  The figure shows 
that the pre-heating does not operate immediately when the RTO waste rises from a 
steady-state and runs after RTO waste heat decreases.  The pre-heating system heat input 
while running is approximately 200kW.  Heat input into the boiler feedwater lasts until 
available heat in the buffer tank is expended, which is after the RTO available waste heat 
decreases.  Therefore, when reviewing the percent waste heat utilization of the RTO 
waste heat by the boiler feedwater pre-heating system, only when the pre-heating system 




















CHAPTER 3. DISCUSSION 
The Plant’s case study showed an economizer used as a boiler feedwater pre-
heating system with the waste heat from the Plant RTO as the heat input.   As noted 
earlier in the thesis, the economizer system can be used for low and medium-temperature 
waste heat sources.  The selection of the economizer with the Plant RTO as the waste 
heat source was within the recommended technologies for waste heat off of an RTO, 
which outputs low to medium temperature waste heat.  The data from the Plant for this 
case study exemplified how production demand directly impacts the amount of available 
waste heat from the RTO.  The way the Plant operates the pre-heating system connected 
to the RTO waste heat utilizes the waste heat when the RTO available waste heat is at its 
largest availability.  This is due to the pre-heating system’s operation.  To evaluate the 
Plant’s system, positives and improvement opportunities will be discussed. 
3.1 Positives of Case Study 
The Plant implemented the selected waste heat technology of an economizer to 
utilize waste heat to lower their operational costs effectively.  An economizer is a lower 
capital investment technology, making approval to move forward feasible.  As a result, 
the Plant could employ the theoretical operational savings to justify purchasing and 
implementing the waste heat utilization technology. 
 The Plant’s RTO and boiler are close to one another, making the selection of the 
economizer ideal.  By having a short distance between the RTO and boiler, there is little 
concern for heat loss.  One of the key design elements of any waste heat technology is 





nearby heat demand point of the boiler to aid in the selection of technology to use the 
waste heat from the RTO.  With the proximity, the Plant didn’t require installing a heat 
pump or heat pipe system to transfer the heat to a further distance. 
 The system controls kept the limitation of an economizer system in mind.  As 
indicated above, economizers are limited based on their point of use.  The point of use 
that the Plant set up to use the waste heat from the pre-heating system was for boiler 
feedwater.  The boiler feedwater temperature can’t be raised any higher than the 
saturation temperature of the boiler operating pressure.  The Plant designed the system to 
limit the max temperature of the boiler feedwater to prevent flashing of steam when 
delivered to the boiler.  This is accomplished by having control air dampers for the RTO 
exhaust and fresh air intake.  As heat is needed, the RTO exhaust damper will open.  As 
the boiler feedwater going through the economizer reaches the operational limit, the fresh 
air damper will open to dilute the RTO exhaust/ lower the temperature. 
 Looking at the different components of the system, as shown in Figure 16, the 
Plant included a buffer tank.  This tank was installed to allow boiler feed water to be 
continuously routed through the economizer without stagnating while waiting for the 
boiler to call for more water.  This continuous flow of the feedwater maintains the safety 
of the system by keeping the water from boiling. By implementing this tank, the Plant 
was able to safely operate the boiler feedwater pre-heating system and address the cyclic 
nature of their production operation and its impact on available heat from the RTO.  The 
buffer tank acts as a thermal storage vessel.  This is evident in the data shown in Figure 
24.  Even when the available waste heat dissipates from the RTO, the pre-heating system 





feedwater after the RTO available heat drops off is due to the thermal storage within the 
buffer tank.  While the pre-heating system is operating, the water circulates between the 
buffer tank and the economizer.  The buffer tank’s overall temperature increases to the 
setpoint temperature of the pre-heating system the longer the system is operational.  After 
the pre-heating system is shut down due to the HGB valve being closed, the boiler 
feedwater is still run through the buffer tank until the heat transfer is no longer beneficial 
and the feedwater is diverted from the tank.  This setup allows the Plant to store and use 
the waste heat from the RTO. 
3.2 Improve Opportunities of the Case Study 
As seen in the data analysis section, the percent of enthalpy used versus the 
enthalpy available from the RTO exhaust was low.  While operating, only 20-25% of the 
available waste heat was utilized by the economizer.  Additionally, the pre-heating 
system only operated for 53% of the time the RTO was operational.  This low percent of 
heat exploitation could be attributed to the selected technology and system limitations.   
To have a higher percentage of waste heat from the RTO utilized, the Plant will need to 
modify the current system or add different waste heat utilization technologies. 
The economizer/ pre-heating system is connected to and fed from the boiler 
feedwater system’s deaerator tank.  The deaerator tank is the collection vessel of 
condensate return and new feedwater for the steam system.  As the tank comprises return 
condensate, the temperature of that water is already elevated to approximately 212°F.  
The higher input temperature limits the heat transferred from the economizer on the RTO 
to the feedwater. As indicated in prior sections, the max allowable heat input is 338 kW.  





limit the economizer.  The setpoint could be raised to a safe operational pressure to 
increase the boiler feed water temperature while waste heat is abundant.  This would 
allow the Plant to increase the percentage of waste heat utilized but would increase fuel 
usage to maintain the temperature while waste heat isn’t available.  The setpoint would 
have to allow for the fluctuations of the RTO waste heat, minimizing the impact on boiler 
operating cost.  For example, if the Plant was to increase the steam system operating 
pressure to 100 psi, with a saturation temperature of 327 °F, they could change their 
upper limit to 320 °F.  If they did this, the max heat input would increase to 361 kW. 
Alternatively to increasing the Plant operating pressure, another opportunity for the 
Plant is to pre-heat the deaerator tank feed water (make-up water).  The make-up water 
for the steam system is brought into the site at approximately 50 °F vs. the deaerator tank 
water temperature of 212 °F.  By pre-heating the make-up water, the maximum 
temperature difference the pre-heating system could have is much larger, 162 °F delta vs. 
111 °F.  This opportunity could present a maximum heat input from the pre-heating 
system of 542 kW.  This assumes that the make-up water has the same flow rate and 
demand as the steam output.  Additionally, the pre-heating system could be used during 
the steady-state of the RTO because the make-up water temperature input would be low 
enough to take advantage of the lower RTO exhaust temperatures experienced during 
steady-state conditions. 
 During the data analysis section, it was noted that the pre-heating system doesn’t 
operate until the HGB valve begins to open.  When looking at Figure 24, there is a 
noticeable delay from starting the RTO waste heat cycle to when the boiler feedwater 





using the HGB keeps the pre-heating system from using RTO waste heat for nearly 30 
minutes.  By overlaying the RTO waste heat and pre-heating system heat input on the 
same graph, one can notice the potential of getting the pre-heating system heat input 
cycle to match the RTO waste heat availability cycle.  This improvement could be 
accomplished by using a control point other than the HGB valve position.  The HGB 
valve position is used to ensure that there is enough heat to pre-heat the boiler feedwater 
as the steady-state waste heat of the RTO is too low for use in the economizer.  To 
address this concern, the Plant could use the temperature of the RTO exhaust, measuring 
for temperatures that exceed a threshold for a period of time before enabling the pre-
heating system.  This change could be made without taking the system down as it’ll only 
require code changes, using RTO exhaust temperature vs. the HGB valve position. 
 The Percent of Heat Available from Regenerative Thermal Oxidizer Exhaust 
Used by Pre-Heating System Over Time 3-1 to 3-31-21, Figure 20, shows a significant 
amount of time where 0% of the available waste heat is utilized, approximately 47% of 
the time.  These 0% usage times align with when the RTO was in a steady-state 
condition, and the waste heat temperature wasn’t sufficient for heating the boiler 
feedwater.  Although there is less waste heat, close to 200kW, it represents almost half 
the time for the data collected in March.  The waste heat available during that significant 
portion of time could be utilized for other process heating than boiler feedwater pre-
heating.  One recommendation would be to have the input to the pre-heating system be 
diverted to allow for hot water heating (which is kept at 180°F) while the RTO is in a 
steady-state and diverted back for boiler water pre-heating during high-temperature RTO 





boiler operation by decreasing the heat input needed by the heating hot water boiler to 
raise the heating hot water temperature to its setpoint. 
 Another improvement that could be capitalized upon is one of the positives of the 
Plant’s pre-heating system, the buffer tank.  As mentioned above, the buffer tank acts as a 
safety device and as a thermal storage unit.  Based on Figure 24, the buffer tank allows 
for approximately 20 minutes of storage to continue transferring heat into the boiler 
feedwater. Although the tank is currently a 50-gallon tank, if the tank size was increased 
or another tank was added, the thermal storage capacity would be increased to take 
advantage of the waste heat for a longer time after the RTO returned to a steady state.  
Ideally, the tank should be sized to allow the pre-heating system to transfer heat for the 
duration of the steady-state condition of the RTO.  Still, due to the variability of steady-
state conditions, that would not be feasible.  Alternatively, the Plant could look into a cost 
analysis of tank size with install versus the additional heat savings. 
3.3 Alternative Technologies for Case Study 
With the case study’s available waste heat from the RTO serving the Plant, other 
technologies could repurpose the exhausted heat.  As indicated in the data from the case 
study, the available waste heat temperature is within the low-temperature range during 
the steady-state and medium temperature range when solvents are being sent to the RTO 
for destruction.  Therefore, the technologies described earlier could be considered as 
alternatives or additions to the already implemented economizer.  Those technologies 
include recuperator, rotary regenerator, organic Rankine cycle, absorption chiller, thermo 
photovoltaic generator, heat pump, waste heat boiler, regenerator, run-around coil, plate 






3.3.1 Poor Matches for Case Study 
Before considering any other technology that could be applied to the case study, the 
available waste heat must be evaluated.  The waste heat is not steady. It fluctuates based 
on the VOCs that are being to the RTO, which is based on production.  As shown in 
Figures 18 and 21, there are periods where waste heat is in abundance and periods where 
the waste heat available is lower when the RTO is maintained at minimum operating 
temperature.  The waste heat boiler is a technology that cannot operate on the cyclical 
nature of waste heat the Plant RTO produces.  To reliably produce steam, the waste heat 
boiler would need to be designed to produce steam despite the fluctuations of the waste 
heat available.  To implement this technology, the Plant would have to invest in a 
secondary heating source or burn fuel during the periods the waste heat lowers below the 
point to boil water.  This would be a costly implementation with little payback. 
Other technologies can be ruled out for application with this case study due to their 
inability to handle low and medium-temperature waste heat.  Those technologies that 
only operate with medium-temperature heat aren’t compatible with low-temperature heat.  
These medium-temperature heat technologies would be limited to the same operational 
time as the currently implemented economizer unless paired with external technologies.  
Specifically, regenerators, run-around coils, plate heat exchangers, heat pipe systems, and 
thermoelectric generators would not be good fits for the case study based on their 
inability to operate on low-temperature heat.  If installed with a secondary technology, 





Other technologies shouldn’t be considered due to their poor efficiencies.  
Thermoelectric generators and thermophotovoltaic generators can directly convert waste 
heat to electricity but have low efficiencies.  Thermoelectric generators are limited to 2-
5% efficiency and have high capital costs.  Thermophotovoltaic generators’ efficiencies 
fluctuate based on the temperature to which they’re exposed.  The Plant does not output a 
constant temperature from the RTO exhaust, so the system’s design would be complex 
and have efficiency concerns for any temperature outside of the ideal design point. 
 
3.3.2 Potential Alternative Technologies for Case Study 
The remaining waste heat technologies that can be considered for the case study 
can operate with low and medium-temperature waste heat, withstand cyclic available 
waste heat, and are relatively efficient.  Those technologies include the organic Rankine 
cycle, rotary regenerator, heat pump, and absorption chiller.   
The organic Rankine cycle (ORC) system and the absorption chiller are 
technologies that use waste heat as a step in a process for use in a facility.  The ORC uses 
it to produce electricity, and the absorption chiller uses it to produce chilled water meant 
for cooling.  Both require significant capital and space investments as they have a lot of 
support systems to operate.  In addition, the ORC and absorption chiller will need to be 
equipped with secondary heat sources to maintain reliable operation.   
The rotary regenerator can pair with the case study RTO waste heat.  Rotary 
regenerators transfer heat by passing exhausted heat through media rotated to have a 
secondary air stream pass through the media.  Both heat and contaminants can be 





lose it over long distances.  To maximize the heat captured from the RTO, the application 
of the rotary regenerator would have to be nearby and not have an issue with cross-
contamination.   
Using the waste heat for a heat pump is another viable option for the case study 
RTO exhaust.  The waste heat would be used in the heat pump’s evaporator to raise the 
refrigerant temperature and improve the heat pump operation.  The heat pump system can 
be set up to absorb the fluctuations of the waste heat from the RTO because the RTO is 
only supplementing the heat pump operation.  This option would require installing a heat 
pump system with an air-to-liquid heat exchanger, like an economizer, to transfer the heat 
to the heat pump’s evaporator.  This option could also be paired with the Plant’s existing 
system and operate during the low-temperature waste heat when the boiler feedwater 






CHAPTER 4. CONCLUSION AND RECOMMENDATIONS 
Industrial facilities that operate with hazardous atmospheric compounds are 
required by environmental protection authorities to destroy those compounds before 
releasing them into the atmosphere.  One of the most prevalent technologies used is a 
thermal oxidizer, which uses thermal oxidation to break down the compounds to CO2 and 
H2O.  This is accomplished by exposing the compounds to their auto-ignition temperature 
and burning the compounds.  Thermal oxidation requires a significant amount of heat 
input to take place.  Along with atmospherically safe compounds, heat is an output.   
A traditional thermal oxidizer uses the burning of fuel, like natural gas, to generate 
the heat required to break down the hazardous compounds.  This system has a significant 
amount of heat exhausted as waste.  RTO’s improve the thermal oxidizer as it uses the 
exhausted waste heat to pre-heat the incoming hazardous compounds, reducing the fuel 
needed to burn to break them down.  Although an improvement over traditional 
oxidizers, RTO’s still exhaust heat as waste.   
The waste heat from the required destruction of hazardous compounds presents an 
opportunity for facilities.  The waste heat can be utilized by the facilities to improve plant 
operations.  The application of waste heat utilization is dependent upon the temperature 
of the waste heat available.  RTO’s present an opportunity to use technologies compatible 
with low and medium temperature waste heat, including economizers, recuperators, 
rotary regenerators, organic Rankine cycle, absorption chillers, thermo photo voltaic 
(TPV) generators, heat pumps, waste heat boilers, regenerators, run-around coils, plate 





The analyzed case study had an economizer installed to capture the waste heat from 
their RTO to pre-heat boiler feed water.  The waste heat available from the Plant’s RTO 
fluctuates based on production when solvents are used in the process and sent to the 
RTO, varying between unloaded and loaded states.  During unloaded operation, where no 
solvents are being sent to the RTO, the RTO is kept at a steady-state combustion chamber 
temperature, and the waste heat is between 150kW and 400kW.  During loaded operation, 
with solvents providing fuel as they are exposed to their auto-ignition temperature, there 
is >2000kW of waste heat available. It fluctuates based on how much solvent is sent to 
the RTO.  This variation of available waste heat is typical of industrial plants that don’t 
experience constant loading of installed oxidizing systems.   
The waste heat capture system installed for the case study was designed to 
accommodate the fluctuations of the RTO exhausted heat.  It was found in the data 
analysis that the system uses a very low percentage of the waste heat available from the 
RTO.  The Plant set up the economizer boiler feedwater pre-heating system to only 
operate when the RTO hot gas bypass is open, offering higher temperature waste heat.  
While operating, the system only uses 10-25% of the available heat from the RTO. It uses 
0% of the available waste heat when the RTO is steady-state, approximately 47% of the 
time.  This presents an opportunity for the Plant to improve the percent of waste heat 
utilized.  Increasing heat utilization could be accomplished by enhancing the already 
installed economizer system, installing a different waste heat technology, and/ or a 
combination of solutions.   
Improvements to the installed economizer system could be the simplest and most 





opportunities discussed focused on increasing the percentage of waste heat utilized while 
operating and increasing the percentage of time the system operates.  Increasing steam 
system operating pressure allows more waste heat to be used.  Allowing the pre-heating 
system to increase the maximum temperature setting of feedwater safely and input more 
heat before reaching the evaporation temperature.  One improvement the Plant can make 
without investment is to use a different control point to enable the pre-heating system 
other than the HGB valve position.  The exhaust temperature should be utilized to control 
the system to capture the heat used for pre-heating the boiler water, increasing the 
operation percent.  Another way for the Plant to increase the percent waste heat used 
would be to pre-heat deaerator feedwater instead of boiler feedwater.  The boiler 
feedwater can’t exceed 313°F, the deaerator feedwater is ~50°F, and the boiler feedwater 
is 212°F.  The waste heat required to heat deaerator water is significantly higher than that 
to heat boiler feedwater to the maximum 313°F.  Additionally, low-temperature waste 
heat could still be utilized to heat deaerator feedwater, increasing the percentage of time 
the system could operate.   
Capturing the low-temperature waste heat of the case study RTO is crucial to 
improving the percentage of time the economizer system operates.  One solution for this 
is for the Plant to use the economizer to pre-heat water used for hot water during the 
steady-state RTO operation.  However, this solution could be complicated to install 
without additional hardware to control flow between points of use.  One more identified 
improvement to the current system installed by The Plant is to increase the buffer tank 
size. Although the Plant has a buffer tank installed that allows them to create thermal 





operation of the economizer system.  As shown in Figure 24, the current buffer tank can 
only store thermal energy for 30 min.  Looking at Figure 21, during that three-day time 
frame, the RTO maintains a steady state for approximately 6 hours between loaded 
cycles.  Sizing the thermal storage to provide heat transfer through the steady-state 
periods when the pre-heating system is not active. 
Not all wase heat technologies can feasibly be installed with the analyzed case 
study RTO.  The fluctuation of waste heat available, the different temperature levels of 
the waste heat, and poor efficiencies limit the options that could be utilized.  Of the 
technologies analyzed, the potential options installed with the Plant’s RTO include 
organic Rankine cycle, rotary regenerator, heat pump, and absorption chiller.  Each 
potential presents different benefits and hurdles to overcome.  The ORC would provide 
the Plant a means to generate on-site power using the RTO waste heat but will need a 
secondary heat source to stabilize the production and is a complex and costly system.  
The rotary regenerator can effectively transfer the RTO waste heat to a secondary 
airstream but must be implemented with a nearby point of use that can’t be cross-
contaminated.  The heat pump can use the waste heat from the RTO to improve its 
operation and is a viable application for this case study but will require the investment of 
a heat pump system, and the Plant will need to find an application for it.  An absorption 
chiller can convert the waste heat from the RTO to create chilled water for space cooling 
but is costly, complex, and requires a significant amount of space for the hardware 
included. 
To find the best option, the Plant will need to partner with a design firm to evaluate 





waste heat.  To maximize the waste heat utilization, the system will need to operate with 
low and medium-temperature waste heat and operate with cyclical available waste heat 
similar to production operation.  The Plant will need to evaluate the options for 
complexity, space requirement, and cost to implement.  The most cost-effective solution 
the Plant should implement is the code change required to use a different control point of 
the pre-heating system than the HGB.  This change could be implemented without capital 
and provide immediate improvement of the waste heat utilization on site. 
Overall, the Plant’s system is a cost-effective solution that could be utilized 
industry-wide.  The use of an economizer to pre-heat water is a proficient heat transfer 
process.  Pairing that system with a buffer tank allows thermal storage to ride out 
variability in waste heat output of production-based RTO operation. To maximize the 
utilization of the system, industries will need to evaluate and determine with what 
systems to pair the heat transfer.  It should be nearby and able to operate in the 
temperature range of their RTO exhaust safely.  Ideally, the heat transfer system and its 
paired point of use should operate when the RTO is maintained at a steady state and ramp 
up as the RTO becomes loaded.  Capturing the waste heat from the required operation of 
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